. The mutation of His227 and Tyr288 to noncoordinating residues (H227L/Y288F) resulted in a substantial loss of affinity for [Fe(bisDHBS)] 2− (K d ∼ 0.5 ± 0.2 μM). These results suggest a previously unidentified role for CeuE within the Fe(III) uptake system of C. jejuni, provide a molecular-level understanding of the underlying binding pocket adaptations, and rationalize reports on the use of enterobactin hydrolysis products by C. jejuni, Vibrio cholerae, and other bacteria with homologous periplasmic binding proteins.
siderophore | Fe(III) uptake | periplasmic binding protein | enterobactin | Campylobacter jejuni W ith the rapid rise in bacterial resistance to antibiotics, a better understanding of cooperative behavior in microbial communities is urgently needed for the development of novel approaches to controlling infections caused by resistant bacteria (1, 2) . As an essential nutrient, iron is often a growth-limiting factor for beneficial, commensal, and pathogenic bacteria alike, not only due to its low solubility in water under aerobic conditions at and around neutral pH, but also because the host organism and competing microbes actively limit its availability (3, 4) . Microorganisms evolved efficient Fe(III) uptake mechanisms to overcome this challenge, a common strategy being the production of siderophores, small Fe(III)-chelating molecules with high affinity and selectivity for Fe(III), with over 500 examples known to date (5) . The sharing of siderophores is a recognized example for positive cooperativity that has been linked to bacterial virulence (6) . The best-characterized siderophores are hexadentate ligands that form coordinatively saturated, octahedral 1:1 complexes with Fe(III) (3, 5, 7) , the most studied being the triscatecholate enterobactin (H 6 -ENT) produced by many enteric bacteria (8) .
In Escherichia coli, enterobactin is synthesized within the cell and secreted through the cell membranes to capture Fe(III) from the environment. The resulting Fe(III)-enterobactin complex [Fe(ENT)] 3− is recognized by the outer membrane receptor FepA and actively transported into the periplasm. In the periplasm, [Fe(ENT)] 3− is sequestered by the periplasmic binding protein (PBP) FepB, which transfers it to an inner membrane transporter for further transport into the cytoplasm (9) . Once there, [Fe(ENT)] 3− is hydrolyzed by an intracellular esterase to release Fe(III) for use in the cell (8) .
Along with the development of structurally diverse siderophores, microorganisms adapted their associated receptor and transport proteins for the uptake of the appropriate Fe(III) complexes (9) . To gain a competitive advantage, many bacteria have evolved to poach siderophores produced by other bacteria. Campylobacter jejuni, for example, does not itself produce siderophores yet possesses an uptake system that is able to use siderophores from competing species (10) . Initially, it was proposed that in C. jejuni [Fe(ENT)] 3− is transported across the outer membrane by the receptors CfrA and CfrB (11) . Once in the periplasm, [Fe(ENT)] 3− was proposed to bind to the PBP CeuE, the resulting complex enabling the transport of the ferric siderophore into the cytoplasm (12, 13) .
In addition, increasing numbers of lower-denticity siderophores are being isolated from bacterial cultures and found to coordinate Fe(III) and mediate its uptake (14) (15) (16) (17) (18) . For example, the trilactone backbone of enterobactin makes it prone to hydrolysis, and although this lability is necessary to allow the intracellular release of Fe(III) from the siderophore, it in addition leads to its slow degradation in aqueous media (7, (19) (20) (21) . Three hydrolysis products are formed: tris(2,3-dihydroxybenzoyl-L-Ser) (H 7 -trisDHBS), bis(2,3-dihydroxybenzoyl-L-Ser) (H 5 -bisDHBS), and 2,3-dihydroxybenzoyl-L-Ser (H 3 -monoDHBS), with all three found in the growth medium of E. coli (Fig. 1) . Although enterobactin, once secreted, is also available to other cells (producers or nonproducers), it can Significance Almost all bacteria require Fe(III) for survival and growth. To compete successfully for this essential nutrient, bacteria developed very efficient Fe(III) uptake mechanisms based on high-affinity Fe(III) chelators, so-called siderophores. To gain a competitive advantage, many bacteria have evolved to scavenge and effectively poach siderophores from other species. Enterobactin, one of the strongest Fe(III) chelators known, is produced and secreted by many enteric bacteria. We show that a key protein involved in Fe(III) uptake in the foodborne pathogen Campylobacter jejuni is adapted to scavenge enterobactin hydrolysis products, a strategy that may enable the pathogen to more efficiently exploit siderophores produced by other bacteria and hence their resources.
only be used once because Fe(III) release requires its hydrolysis. The enterobactin hydrolysis products, however, could be used again as secondary, lower-denticity siderophores.
It has been demonstrated that the human pathogens C. jejuni (10, 22, 23) and Vibrio cholerae (24), the causes of food poisoning and cholera, respectively, can use enterobactin hydrolysis products for the uptake of Fe(III) from their environment. Both are known not to produce enterobactin.
An alternative Campylobacter Fe(III) acquisition model that relies on these linear hydrolysis products was recently proposed based on the finding that Cee, the sole trilactone esterase of C. jejuni and Campylobacter coli, is located in the periplasm, i.e., these bacteria are unable to degrade enterobactin within the cytoplasm (25) . The model suggests that, once the Fe(III) complex of enterobactin enters the periplasm, its ester backbone is cleaved by Cee, which is highly efficient in hydrolyzing both the Fe(III) complex and apo-enterobactin. The resulting hydrolysis products, mainly the tetradentate ligand bisDHBS 5− and the bidentate ligand monoDHBS 3− , are then used to mediate the subsequent transport of Fe(III) into the cytoplasm.
The identification of the esterase Cee and in particular the observation that bisDHBS 5− can be used independently of enterobactin (25) raise important questions about the siderophore preference of the PBP CeuE and its role in the iron uptake in C. jejuni. By using siderophore mimics, we previously demonstrated that CeuE can bind the Fe(III) complexes of both hexadentate and tetradentate catecholate ligands (26, 27) . Our cocrystal structures revealed that CeuE interacts with the coordinatively saturated Fe(III) complex of the hexadentate mimic MECAM 6− through electrostatic interactions and hydrogen bonding, whereas it binds the coordinatively unsaturated complex of the tetradentate mimic 4-LICAM 4− by recruiting the side chains of two amino acid residues (His227 and Tyr288) to complete the coordination sphere of the Fe(III) center. We established that His227 and Tyr288 are conserved among a subset of related PBPs, including VctP from V. cholerae, and suggested that this subset of PBPs undergo similar structural changes to adapt to the binding of lower-denticity siderophores (27) . The recent report that V. cholerae most efficiently uses trisDHBS 7− and bisDHBS 5− for the acquisition of Fe(III) provided a partial confirmation of this prediction (24) .
Here, we report that CeuE binds [Fe(bisDHBS)] 2− with much higher affinity than the Fe(III) complex of enterobactin, reveal the structural basis for this difference in binding strength, and examine key aspects of the relevant Fe(III) coordination chemistry in solution. A previously reported total synthesis of enterobactin was adapted to synthesize H 5 -bisDHBS, with modifications aimed at simplifying the procedures (28) . The Fe(III) complex of bisDHBS 5− was soaked into apo-CeuE crystals, grown as reported previously (27) . Experimental details for the preparation of the Fe(III) complex of bisDHBS 5− , crystal growth conditions, data collection, and refinement are provided in Supporting Information. Crystallographic statistics and a discussion of unit cell dimensions and average B values can be found in Supporting Information (Table S1) .
Results

Crystal
Three crystals were selected; crystal I was soaked for 90 min, crystal II for 24 h (PDB ID code 5ADW), and crystal III for 11 d (PDB ID code 5ADV). As expected, all three crystals were in space group P1 with three protein monomers per asymmetric unit, consistent with the apo-CeuE structure (PDB ID code 3ZKW) (27) . Crystal I showed no additional electron density in the CeuE binding pockets, indicating that the 90-min soaking time was too short.
Crystal II has additional electron density in the binding pockets of each of the three independent CeuE monomers, which was modeled as [Fe(bisDHBS)] 2− in chains A and B ( Fig. 2 and Fig.  S1 ). CeuE binds a single [Fe(bisDHBS)] 2− species per monomer in an Fe(III):siderophore:protein ratio of 1:1:1. BisDHBS 5− chelates the Fe(III) center in a tetradentate fashion with the four catecholate oxygen donors coordinated. The remaining two coordination sites of the distorted octahedral Fe(III) center are occupied by donor atoms provided by the side chains of His227 and Tyr288. In addition, electrostatic interactions and hydrogen bonds involving residues Arg118, Arg205, Arg249, and Lys121 contribute to the binding (Fig. 3) . The diserine linker in bisDHBS 5− forces the oxygen donors in the ortho and meta position to the amide groups on the catechol units to occupy adjacent coordination sites on the Fe(III) center. Consequently, the remaining two coordination sites are not equivalent. The site opposite the weaker catecholate donor (ortho position) is occupied by the oxygen donor of Tyr288, whereas that opposite the stronger oxygen donor (meta position) is occupied by the nitrogen donor of His227, consistent with their respective trans-influence (29) . Although the observed Fe(III) binding mode is similar to that which we reported previously for the C2-symmetric siderophore mimic 4-LICAM 4− (PDB ID code 5A1J) (27) , the diserine backbone of bisDHBS 5− plays a key role in determining the orientation of the unsymmetrical natural siderophore. In both chains A and B, the carboxylate group in the backbone of bisDHBS 5− provides an additional negative charge and accepts a hydrogen bond from Arg249 (Fig. 3 ). This high degree of complementarity indicates that the binding pocket of CeuE is perfectly suited to the binding of the tetradentate ligand.
In the binding pocket of chain C, there was much less density and it was modeled as a half-occupied Fe(III) center with no coordinating ligand. The anomalous difference Fourier maps confirm a peak of about 50% of that seen for the Fe(III) in chains A and B. There is some residual density around the Fe(III), but it was not possible to satisfactorily model this as bisDHBS 5− Fig. 2A) .
Crystal III has similar cell dimensions and packing to crystal II (Table S2 ). There is electron density in each of the three binding pockets (Figs. S1 and S2), the density is weak in the region corresponding to the backbone of bisDHBS 5− (below the 1σ level), suggesting that the di-serine ester-linkage of bisDHBS 5− was highly mobile or had hydrolyzed or a combination of both. The best fit to the density was attained when chain B was modeled with [Fe(bisDHBS)] 2− bound while chains A and C were modeled with two monoDHBS 3− ligands coordinating the Fe(III) center (Fig. 2) . Remarkably, the orientation of the monoDHBS 3− ligands in chain C differed from that in chain A. In A, the oxygen donors in both the ortho and meta position of the catecholamide units occupy adjacent coordination sites on the Fe(III) center, as seen in [Fe(bisDHBS)] 2− . In contrast, in chain C, one of the monoDHBS 3− ligands was in a flipped position, with the attached serine of the backbone pointing into the binding pocket. Here, the donors in the ortho position of the two catecholamide units coordinate trans to one another, whereas the donors in the meta position remain coordinated cis to one another. In this isomer, His227 and Tyr288 occupy coordination sites trans to the catecholate oxygen donor atoms in the meta position (Fig. 2) . This change in orientation of the ligands is likely to be due to steric constraints imposed by the N terminus of chain B (Fig. S3) . Crystal III thus reveals two alternative binding modes for the Fe(III) complex of the monomeric enterobactin hydrolysis product monoDHBS 3− . In crystals II and III, the Fe(III) complexes are bound with the metal center in the Λ-configuration, as previously observed in the cocrystal structures of (CeuE) 2 
Due to the mismatch between the four donor atoms provided by the two chelating catechol units of bisDHBS 5− and the preferred sixfold coordination environment of Fe(III), the composition and structure of the complex(es) formed have long been a matter of debate. Based on a UV-visible absorbance spectroscopic study carried out in aqueous solution at pH 9, it was suggested that bisDHBS 5− forms a 1:1 complex with Fe(III) under these conditions and that the remaining two coordination sites are occupied by solvent molecules (15) . In contrast, NMR spectroscopic investigations carried out in d 6 -DMSO with Ga(III) as a diamagnetic substitute for Fe(III) indicated a metalto-ligand ratio of 2:3. Consequently, the formation of a dinuclear complex of composition {Fe 2 (bisDHBS) 3 } was proposed (32) .
Stoichiometric control allowed the isolation of two different Fe(III) complexes of a tetradentate siderophore mimic that consists of two ethyl-bridged catecholamides. A metal-to-ligand ratio 4− (29). We carried out experiments to rationalize these observations and related the results to biologically relevant conditions.
To probe the metal-to-ligand ratio, we used Job's method of continuous variation (33, 34) , monitoring complex formation by both electronic absorbance and CD spectroscopies. The spectroscopic measurements were carried out in aqueous solution [5% (vol/vol) DMSO] at pH 7.5 using Fe(III) nitrate as the Fe(III) source. Nitrilotriacetic acid (NTA) was added to prevent the precipitation of Fe(III) hydroxides. Control experiments ascertained that the presence of NTA does not interfere with the reaction of Fe(III) with bisDHBS 5− under these conditions. Electronic absorbance spectra were recorded at selected metalto-ligand ratios in the region of the ligand-to-metal charge transfer (LMCT) band of [Fe(bisDHBS)] 2− (Fig. 4A) . The maximum of the LMCT band shifts significantly upon variation of the metal-toligand ratio. A red complex forms under conditions of excess ligand. The λ max at ∼510 nm is consistent with the formation of a tris(catecholate) species (35, 36) . When the metal-to-ligand ratio approaches 1:1, the color of the solution changes from red to purple. The observed λ max of around 565 nm is consistent with the formation of a bis(catecholate) species (36, 37) . The Job plot confirms that a λ max around 510 nm is consistent with a metal-to-ligand ratio of 2:3, whereas a λ max around 565 nm is consistent with a metal-toligand ratio of 1:1 (Fig. 4B) .
In summary, the electronic absorbance spectra demonstrate that in aqueous solution near neutral pH, both 1:1 and 2:3 complexes are formed upon reaction of Fe(III) with H 5 -bisDHBS (Fig. S4) , with the species distribution being controlled by stoichiometry.
Similarly, the visible region CD spectra vary with the metal-toligand ratio (Fig. 5A) . At metal-to-ligand ratios of 3:2 and 1:1, the CD spectra show an intense positive band around 320 nm, a weaker positive band around 410 nm, and a weak bisignate band centered at 595 nm, which is near the LMCT absorption maximum of the 1:1 species. Scarrow et al. (15) reported a similar CD spectrum for [Fe(bisDHBS)] 2− isolated from growth cultures and assigned the intense near-UV band to ligand-based transitions and the weaker visible region features to LMCT transitions. Because the latter are indicative of the chirality at the Fe(III) center, the low intensity of the signal indicates that the chiral induction by the L-serine residues in the backbone is only weak.
Upon changing the metal-to-ligand ratio to 2:3, the maximum of the near-UV band shifts from 320 to 340 nm and the visible region now shows a bisignate band with a positive signal at 415 nm and a negative signal at 550 nm, consistent with a negative Cotton effect. The position of the zero CD crossover at 503 nm is close to the LMCT absorption maximum (∼510 nm) of the Fe(III)-bisDHBS 5− 2:3 species. The resulting CD spectrum is characteristic of a solution of Fe(III) tris(catecholamide) complexes in which the Δ-configuration dominates (38) . This characteristic change in the CD profile coincides with the color change from purple to red reflected in the electronic absorbance spectra (Fig. 4A) . The concomitant increase in amplitude is consistent with the increase in the number of coordinated catechol units, not only because each is expected to contribute to the chiral induction effect, but also due to the pairwise additivity of exciton-coupled chromophores (39) . The effect is also consistent with the diastereoselective formation of a dinuclear triple helicate, in which the enantiomerically pure ligand predetermines the helical direction and hence the chirality of both metal centers, as seen in similar supramolecular assemblies (40, 41).
Similar observations were reported for the amonabactins, a family of bis(catecholate) siderophores in which the catecholate units are attached to the N e atom of lysine residues present in their peptide-based backbones (16, 42, 43) . However, the increase in Cotton effect upon decrease of the metal-to-ligand ratio from 1:1 to 2:3 is more pronounced with H 5 -bisDHBS than for the amonabactins. This is probably due to a stronger chiral induction from the C α of the serine backbone in the linear dimer, which is closer to the Fe(III) center than the C α of the lysine residues in the backbone of the amonabactins (Fig. 1) .
Interactions Between CeuE and the Fe(III) Complexes of Siderophores in Solution.
CD. To probe the stereochemistry of the Fe(III) center in the presence of CeuE in solution, CD spectra were recorded in the wavelength range of the LMCT band. Series of spectra were obtained during a titration of a solution of CeuE into solutions of Fe(III) plus H 5 -bisDHBS or Fe(III) plus enterobactin in buffer (pH 7.5). The titrations allowed the changes in spectral features upon binding of the respective Fe(III) siderophore complex to CeuE to be observed (Fig. 5 B and C) .
The first CD spectrum was obtained after addition of Fe(III) and H 5 -bisDHBS to the buffer, followed by equilibration. It confirms that, in the absence of CeuE, the L-serine backbone in bisDHBS 5− has only a weak influence on the stereochemistry at the Fe(III) center, with Δ-configured complexes in slight excess.
The spectra recorded upon addition of CeuE indicate inversion of configuration at the metal center with isodichroic points at 305 and 544 nm. The positive band at 320 nm changes into a negative band at 330 nm. The weak positive signal across the LMCT range develops into a broad negative band with a minimum at 395 nm and a positive band with a maximum at 600 nm, consistent with a Λ-configured Fe(III) center (38) . The series of spectra confirms that CeuE selects for Λ-configured [Fe(bisDHBS)] 2− and shows that the diastereoisomers that remain in solution are able to reequilibrate quickly.
For comparison, an analogous titration was carried out with a solution containing Fe(III) and enterobactin (Fig. 5C ). As expected from previous reports, the initial CD spectrum of [Fe(ENT)] 3− is characteristic of Fe(III) tris(catecholamide) complexes with Δ-configuration (38) . Upon addition of CeuE, the bands decrease in intensity, indicating a shift in the equilibrium between Δ-and Λ-configured complexes is caused by the Fe(III) complex of enterobactin binding to CeuE. However, even after addition of 1.6 equivalents of CeuE, Δ-configured [Fe(ENT)] 3− still predominates. The observed selection of Λ-configured complexes by CeuE indicates that the chiral L-serine backbone, which has a Δ-configurationinducing effect, slightly hinders rather than facilitates protein binding. The resulting moderation of binding affinity is consistent with the intermediary role of the periplasmic binding protein within the iron transport pathway. A precise tuning of affinity is essential to allow the transfer of the cargo to the inner membrane transporter in the final step of the Fe(III) transport chain. 
Discussion
Enterobactin is one of the most efficient mediators of bacterial Fe(III) uptake, and increasing evidence indicates that its hydrolysis products, in particular bisDHBS 5− , play an important role in the competition for essential Fe(III) because they can be exploited by siderophore poachers, such as C. jejuni.
Our studies demonstrate that CeuE, the periplasmic binding protein of C. jejuni, selects Λ-[Fe(bisDHBS)] 2− from a mixture of species in solution. In the absence of the protein, bisDHBS 5− was found to coordinate to Fe(III) in metal-to-ligand ratios of both 1:1 and 2:3, depending on the relative concentrations of Fe(III) and siderophore present in solution. In both complexes, chiral induction from the C α of the L-serine backbone causes the Fe(III) center(s) to adopt preferentially the Δ-configuration in aqueous buffer at pH 7.4, with weak (1:1 complex) to moderate (2:3 complex) diastereoselectivity. The ability of CeuE to select a defined Fe(III) complex from a mixture is consistent with its role in the Fe(III) transport process, where it functions as a periplasmic gatekeeper and is required to deliver the correct Fe(III) complex to the inner membrane transporter. CD spectra recorded during the titration of CeuE into a solution of [Fe(bisDBHS)] 2− indicated an inversion of configuration from Δ to Λ upon addition of the protein. The effect is caused by CeuE driving the equilibrium by selecting for Λ-configured complexes; the two diastereomers that remain in solution reequilibrate quickly.
Of 3− as previously thought. Our cocrystal structures provide molecular-level insights into the binding pocket adaptations that give rise to this pronounced difference in affinity and are the first (to our knowledge) to reveal the interactions of a natural tetradentate siderophore with its cognate PBP. In addition to electrostatic and hydrogen-bonding interactions between the binding pocket and [Fe(bisDHBS)] 2− , the crystal structure showed the direct coordination of two amino acid side chains (His227 and Tyr288) to the Fe(III) center. In contrast, the binding of the Fe(III) complex of MECAM, the hexadentate enterobactin mimic, was found earlier to rely solely on electrostatic interactions and hydrogen bonding (26) . The oxygen donor of Tyr288, which is directly coordinated in CeuE-[Fe(bisDHBS)] 6− structures. Hence, we propose that His227 and Tyr288 enable CeuE to preferentially bind the tetradentate enterobactin hydrolysis product rather than intact hexadentate enterobactin. This proposal is supported by the observation that the replacement of His227 and Tyr288 with noncoordinating amino acids leads to a drastic drop in affinity for [Fe(bisDHBS)] , coordinate to the Fe(III) center. In both crystals, the Fe(III) complexes are bound with the metal center in Λ-configuration.
A sequence homology search of reported 3D structures (Fig.  S6) suggests that a subset of related Fe(III)-siderophore binding proteins shares a preference for the hydrolysis products of enterobactin over intact enterobactin. The PBP of the Vct uptake system in V. cholerae has a high similarity to CeuE and contains the coordinating histidine and tyrosine residues (27) . Hence, our results rationalize the recent discovery that V. cholerae is able to use the linear derivatives of enterobactin, but not enterobactin itself (24) .
We therefore propose that CeuE preferentially selects for [Fe(bisDHBS)] 2− in the periplasm and mediates its uptake into the cell. As a result, the Fe(III) complex of enterobactin is retarded in the periplasm where it is exposed to esterase-catalyzed hydrolysis to its linear components. Because it has been reported that C. jejuni can use bisDHBS 5− as a siderophore independently of enterobactin (10) and the discovery of the trilactone esterase Cee in the periplasm of C. jejuni (25) , it appears that CeuE, previously considered to be a [Fe (ENT)] 3− binding protein, is instead adapted to preferentially bind [Fe(bisDHBS)] . This ability to use the enterobactin hydrolysis product for Fe(III) uptake and hence to avoid the metabolic costs of siderophore production provides C. jejuni with a competitive advantage when it encounters enterobactin-secreting bacteria either within the host or contaminated water.
In contrast, in E. coli, the PBP FepB does not possess equivalent tyrosine and hisitidine residues and the esterase that cleaves the Fe(III) complex of enterobactin is located in the cytoplasm. Consequently, the Fe(III)-siderophore uptake systems of the siderophore scavenger C. jejuni and the siderophore producer E. coli show significant differences.
Taken together, these insights strongly suggest an important in vivo role for the tetradentate siderophore and its cognate PBP in the uptake of Fe(III) by Campylobacter and a number of other pathogenic bacteria.
Methods
Experimental details including general methods, compound synthesis (Fig. S7) and characterization, site-directed mutagenesis, protein crystallization, X-ray data collection, structure solution and refinement (Tables S1 and S2) , and fluorescence quenching data (Figs. S5 and S8) can be found in Supporting Information.
